• Although voltage clamp methods have been applied experimentally to cardiac tissue for over a decade, this field of study has failed to achieve general acceptance because of limitations of the experimental approach and difficulty in interpreting the results. Yet this technique is valuable within its limitations, and to dismiss it would be to lose a valuable tool. In perspective, most techniques in biological investigations have equivalent limitations. In this brief review we attempt to summarize the rationale behind the approach, the nature and tractability of limitations in the approach, and the results that we believe can be drawn safely from experimental studies to date. It is our hope that this review will serve to place the field in better perspective for the "nonclamper" than have the more detailed reviews in the past and that it will simultaneously indicate the future growth and trends in this field as we see them.
WHY VOLTAGE CLAMP?
Excitation and contraction are two fundamental properties of heart muscle that are of general interest. Normally, a locally generated action potential propagates throughout the heart, generating the familiar electrocardiogram. This electrical event at the cell membrane triggers the contraction by some unknown process, generally called excitation-contraction coupling. The great importance of these properties of heart muscle in the understanding of normal cardiac function has made them a major area for electrophysiological study. Also, since many pathological conditions or treatment modalities are characterized by alterations in excitation or contraction, these areas receive much clinical interest.
The primary tool in the study of excitation or From the Departments of Medicine and the Pharmacological and Physiological Sciences, University of Chicago, Chicago, Illinois 60637, and the Department of Physiology and Biophysics, Mayo Clinic and Foundation, Rochester, Minnesota 55901.
Circulation Research, Vol. 37, October 1975 excitation-contraction coupling is the measurement and control of membrane voltage (1) . Hodgkin and Huxley (2) were remarkably successful in developing a basis for understanding the action potential of nerve by use of a negative feedback technique that allowed them to control the membrane potential-the voltage clamp. They offered strong evidence that the action potential is produced by a sequence of ionic translocations. These passive ionic movements were shown to be a result of changes in permeability of the membrane that depended on membrane voltage and time. Early experiments by Weidmann (3) suggested that the cardiac muscle action potential was the result of similar voltage-dependent permeability changes. Although contraction of heart muscle is triggered by the normal action potential, it has long been suspected that the action potential or some component of it also regulates the magnitude of the contraction (4) . Evidence is quite strong that the initial factor of importance is alteration in membrane voltage and that contraction is a graded function of voltage (5, 6) .
Given that there is strong evidence that both excitation and excitation-contraction coupling are primarily dependent on the membrane potential, any systematic effort to study these events requires the investigator to control this independent variable. The concept of the voltage clamp is that the membrane potential is monitored and current is passed across the membrane uniformly so that the value of the membrane potential is directly adjustable by the investigator. Unfortunately, no method for truly uniform voltage control in heart muscle has been found that is comparable to that used with squid axon, but several techniques have been developed that achieve control within certain limits. Because of the importance of the processes under study-excitation and contraction-investigators have sought to use these less than perfect tech-
niques. As a result, much useful information has been forthcoming in the last decade. Also, as one would expect, some controversy has occurred over the limits of the techniques and consequently the validity of the experimental conclusions. This controversy was highlighted in a review by Johnson and Lieberman (7) .
THE TECHNIQUES
There are two fundamental requirements in the establishment of a voltage clamp, in addition to accurate monitoring of the transmembrane potential. First, an experimentally controlled current source must be established within the cell, and this source must be capable of passing sufficient current to balance the ionic movements which normally alter the membrane potential. Second, the current distribution from this source must be such that the current crosses all areas of active membrane uniformly and therefore affects the membrane potential uniformly.
The method used by Hodgkin and Huxley was to insert a pair of wires along the axis of the cylindrical "giant" axon. One wire measured the intracellular potential (with respect to the outside solution) and the other supplied current to make the transmembrane voltage correspond to the investigator's choice. The requirement for uniform membrane voltage was realized by having the current source coaxial with the membrane. In heart muscle such a method is not possible, because the cells are too small. Transmembrane potential can be measured with glass micropipettes (Ling-Gerard electrodes) with tip diameters of about 0.5 ^m, but the problem is to introduce current uniformly.
One method developed a decade ago in the laboratories of Trautwein (8) and Hutter (9) is to introduce current through a second micropipette into a short strand of sheep Purkinje fiber ( Fig. 1A  and B ). Even though this electrode forms a point source, fair uniformity of voltage change can be achieved because of favorable fiber geometry. The sheep Purkinje fiber, a part of the ventricular conducting system, is a long column of closely packed cells about 100 ^rni in diameter overall and encased in a connective tissue sheath. The cells are each about 50 ^m in diameter and 150 /um long and are well connected to each other electrically, so that the column behaves to a first approximation as a single long cell. Furthermore, when the fiber is cut or damaged, the injured end "seals," developing a high resistance. To promote uniformity of voltage change with a point current source, the Purkinje fiber is shortened as much as is consistent with its viability-to about a length of 1 mm. This segment of truncated cable contains 25-30 cells. If the current pipette is placed in the center, then current flows to the cells on each side in a 0.5-mm cable that is terminated by a high resistance. For small voltage steps away from the resting potential, the voltage at the most distant point from the current pipette is 96-97% of that in the center once the membrane capacity is charged (10) .
The other major method used to inject current into the fiber is called a "gap" and was developed by Stampfli (11) ( Fig. 2A and B ). Gaps are constructed as three-compartment chambers, usually separated by rubber membranes. The central compartment is perfused with an isotonic sucrose solution of very low conductivity, and the outer compartments are perfused with some form of physiological salt solution. The muscle bundle, usually an atrial or a ventricular trabecula, is strung through all three chambers. If electric current is passed between extracellular electrodes placed in the two outer compartments, it must cross the central compartment, in which the primary current pathway will be through the tissue, since the extracellular space is filled with a solution of low conductivity. Thus, the current enters the cells in one of the outer chambers, flows through the cells in the sucrose gap, and then passes out across the cell membranes of the segment in the other outer chamber. This latter chamber is designated the test chamber, and only a short (0.5-1.0 mm) segment of muscle is exposed in it. The membrane voltage can be monitored in this segment by introducing a micropipette, and a feedback arrangement can allow voltage control as in the double micropipette technique (12) . The advantages of the gap technique over the double pipette technique are that atrial or ventricular muscle can be used and that the current source for the tissue in the test chamber is a broad plate instead of a point.
A double gap, in which a second sucrose chamber isolates a third part of the muscle, can also be used (13) . This additional sucrose chamber permits monitoring of the transmembrane potential without use of micropipettes. The difference in viscosity and flow pattern between the salt solution and the sucrose solution also allows a gap to be produced by a jet of sucrose solution. The partition is now not a plastic plate or a rubber membrane but the interface of the two solutions in the fashion originally described by Stampfli (11) . An approximate scale diagram of the double micropipette voltage clamp method utilized with cardiac Purkinje fibers. A: The preparation is tied with fine suture thread to a length of about 1 mm. Two glass micropipettes are inserted into cells within the Purkinje fiber segment. The micropipette that is approximately three-fourths of the length of the preparation from the lefthand end is used to sense the intracellular membrane potential using a third micropipette placed in the physiological salt solution as a reference. This measured membrane potential is compared with a command signal (not shown) and then drives the negative feedback amplifier to pass current into the preparation via the micropipette in the middle. Current flow from this micropipette is indicated by the heavy black arrows. The feedback amplifier will pass sufficient current to make the measured membrane potential equal to the command signal. Once the current leaves the preparation it flows through the bathing salt solution to a ground electrode in the bath. The varying distances between the current-passing electrode and the surface of the preparation give rise to the distribution of membrane potential change as a function of fiber geometry. B: The end view of the preparation shown in A indicates schematically the clefts between cells which occur in these preparations. C and D: Graphical illustrations of the voltage decrement that is observed in preparations of this sort under voltage clamp. The ordinate is expressed as a percent of the maximum membrane potential that occurs at a point near the current-passing micropipette. When the voltage clamp attempts to establish a small voltage increment from the resting potential, the actual membrane potential distribution that occurs is indicated by these graphs. The fall-off in potential along the length of the preparation is the result of the resistance of the intracellular pathways (cytoplasm and gap junctions) that must be traversed between the current electrode and the membrane surface areas. The potential change across the preparation arises primarily from the resistance in the extracellular pathways down the cleft indicated in B. These graphs are the result of experimental and theoretical analyses (10, 19) . the small Purkinje fibers recovers from the shortening procedure. Successful sucrose gap isolation occurs in a similar fraction of preparations. Great care must be taken throughout the experiments to prevent damage to the tissue from mechanical or electrical shock or from the effects of isotonic sucrose, which can decrease the coupling between cells (14) and leach ions out of them. Control of the preparations requires stable long-lasting impalements with micropipettes, which tend to break or to slip as the preparation moves.
Even for the investigator who is willing to accept the frustrations and can circumvent the technical problems, there remain serious limitations inher-Circulation Research, Vol. 37, October 1975 ent in the applications of these techniques. These limitations are the result of nonideal current sources, imperfect spatial control of voltage, and poorly developed methodology with which to separate currents into their ionic components.
In the instance of the double micropipette technique, the current is limited by the electrode impedance, and hence the clamp has difficulty following faithfully large transient currents. In the sucrose gap, the integrity of the insulating properties of the gap is dependent on good electrical coupling of the cells in the gap and careful control of gap geometry. Usually these source limitations can be readily observed experimentally, so that the An approximate scale diagram of the single sucrose gap voltage clamp method utilized for myocardial trabecular fibers. A and B: The preparation, which is between 0.6 and 0.8 mm in diameter, is pulled through small holes punched in two rubber membranes which form the 2-mm wide central gap portion of the bath. The preparation is perfused at either end with a physiological salt solution, and an isotonic sucrose solution is used to perfuse the centra! compartment. An intracellular glass micropipette monitors the membrane potential in the righthand (test) compartment. Current is passed through the preparation between two Ag-AgCl electrodes placed in the two lateral compartments. The current pathway between these compartments is into cells in the muscle bundle in the lefthand compartment, through intracellular pathways in the sucrose gap, and out across the cell membranes in the righthand compartment. To establish a voltage clamp, the measured intracellular potential is compared with a command signal, and the difference is used to drive a high-gain negative feedback amplifier which passes current across the gap. Current flow within the preparation in the test bath is indicated by the arrows. C and D: Graphical illustrations of the spatial distribution of true membrane potential within the clamped preparation. C is derived with the simplifying assumption that the 0. 8 (11, 19) . The equivalent graph for the cross section of the preparation, D. is drawn with a broken line because this distribution has been neither experimentally measured nor adequately determined theoretically. Although the intracellular current passing across the sucrose gap will be distributed across the whole cross section of the preparation at the sucrose gap, the current distribution will not be uniform owing to the limited dimensions of the preparation in the test bath. Moreover, the membrane potential distribution at any given cross section will be a function of both the current delivered at the disk and the radial "space constant" of the preparation. The general orientation of the fibers parallel to the length of the preparation would lead one to predict that the radial space constant might indeed be smaller than the longitudinal space constant, but this parameter has not been measured experimentally. If the radial space constant were the same as the longitudinal space constant and if all of the currents were delivered only at the center of the preparation, the membrane potential due to these factors alone would fall off by only 8% between the center and the periphery of a bundle 0.8 mm in diameter. Although this treatment is undoubtedly oversimplified for both the longitudinal and the radial variation, it does illustrate the sorts of variations that can be expected. good experiments can be selected for interpretation.
-mm long portion of the preparation in the test bath behaves as a simple cable with a 1-mm space constant. Experimental measurements of individual cells near the surface of such preparations indicate that the true decrement may be less than one-quarter of the amount shown in this figure
The problem of adequate current distribution is, however, a result of the inherent complex geometry of the tissues studied and cannot be totally elimi-nated ( Fig. 1C and D) . Within the preparation, the current must flow from its source (either the micropipette or the disk at the sucrose-salt solution interface) to the surface membranes across intracellular cytoplasmic pathways and intercellu-lar pathways (gap junctions) of finite resistivity. Unless all elements of active membrane are equidistant from the current source, a circumstance that is clearly impossible in these multicellular preparations, a different potential level will be established across different parts of the membranes. The intracellular resistance leads to a threedimensional variation in potential that is akin to the two-dimensional variations seen in cable analysis of nerve.
An analogous problem occurs in the extracellular space of these preparations, since not all of the electrically active membrane is in good electrical contact with the solution perfusing the test chamber. In Purkinje fibers, Fozzard (15) has shown that three-quarters of the membrane behaves as if it were in series with a significant extracellular resistance. This membrane is probably that of the actual cell boundaries in the column (16, 17) . Although the cells are close to each other, they are not fused (except for special regions). Therefore, this membrane is connected to the perfusing solution through a narrow cleft. Voltage across the membrane within the cleft will not be exactly the same as it is across the membrane at the surface, and establishment of the potential changes after a voltage step will be delayed because of the cleft resistance (18) . Fozzard's measurements showed that the time course of a small voltage change (time course of the capacitive current) was twothirds complete in about 2 msec, and he suggested that this phenomenon would interfere with measurements of early currents. Indirect analysis of the passive properties of the clefts indicates a space constant of over 100 /urn, which leads to an estimate of a 10% voltage decrement at the center of a 100-^m fiber (19) .
Ventricular trabeculae placed in a sucrose gap demonstrate similar problems ( Fig. 2C and D) . The preparation behaves as if the membrane were in series with a resistance (12) . Since this resistance is most likely the narrow extracellular spaces in the fiber bundle (as many as 1,000 cells in cross section), it will be accentuated by any diffusion of sucrose into the extracellular space from its compartment. Computations based on simple homogeneous diffusion in a single sucrose gap show that for a preparation whose length and diameter in the test bath are equal, the sucrose concentration in the extracellular fluid along the center of the preparation exceeds 20% for only one-quarter of the length of the preparation in the test bath. To date, experimental tests of the exact extent of such diffusion have not been performed.
Circulation Research, Vol. 37, October 1975 The importance of the series resistance is related to the fractional voltage drop across it rather than across the cell membrane, since the feedback circuit controls only the voltage across the two elements in series. An estimate can be made from the approximate values of currents and resistances.
For the experiments of Beeler and Reuter (12) we can choose R s = 5 x 10 2 ohms and peak I Na = 1 x 10"* amp. These values give a voltage deviation of 50 mv at peak sodium current. For the other currents the maximum value is closer to 1 x 10" 5 amp, giving a voltage deviation of 5 mv. Similar calculations can be made for Purkinje fibers. These relations are clearly shown in the calculations of Ramon et al. (20) , in which the effect of series resistance is exaggerated by the use of much higher maximum currents. The calculated small deviations of 5 mv during current flow after the sodium spike should not be reassuring, however, since Rs is a "distributed" function, and some of the membrane has a far larger resistance in series. There is no feasible method for electronic compensation for a distributed series resistance.
The nonuniformity of voltage control is accentuated during rapidly changing membrane voltage or during large currents when the membrane impedance (capacity and resistance) is low relative to the intra-and extracellular pathways. Loss of control during the early excitatory current in Purkinje fibers has been shown by Deck et al. (8) and Fozzard and Hiraoka (10) . In the sucrose gap, this phenomenon was shown experimentally by Beeler and Reuter (12) , New and Trautwein (21), McGuigan (22) , and Tarr and Trank (23) . Some of the theoretical expectations of control loss have been calculated by Beeler and Reuter (12), Kootsey and Johnson (24) , and McGuigan (with Tsien) (22) . Most investigators agree that control is good in some preparations and under some conditions and bad in others.
The most strongly negative indications of sucrose gap control have come from the studies of Tarr and Trank (23) and Harrington and Johnson (25) . These reports indicate that the likelihood of achieving a controlled preparation is so small as to obviate the method. Although the experimental results reported in these papers clearly indicate bad control, we feel that there are good reasons to think that these studies are not typical of the general experimental observations reported by others. Both groups utilized a test segment (middle segment in double sucrose gap) that was defined by fluid flow to minimize the length of the test segment. In the experiments of Tarr and Trank 408 FOZZARD. BEELER (23) , the preparations were 300-500 pm in diameter with a test node width of 100 fim. The problem of sucrose mixing in the test compartment was undoubtedly severe, since the disk of tissue was being superfused with Ringer's solution only from its periphery. Moreover, they used a pure isotonic sucrose solution which Kleber (14) has shown will tend to disrupt intracellular communications. Moreover, in the appendix to McGuigan's paper (22) , Tsien has shown that for very short test segments in the double gap the leakage current (current which bypasses the intracellular route into the test bath) is many times the true transmembrane current even for an ideally defined sucrosesalt interface. Thus, one could make an a priori prediction of poor control in this experiment. The test nodes used by Harrington and Johnson (25) could not be observed, and hence the length-diameter ratio is not known. The very short survival time of their preparations (usually 5 minutes or less) leads us to suspect that sucrose contamination of the test node was the dominant factor in the control problems they observed. Thus, although we believe that these studies provide good insight into the problems that one must consider when designing a voltage clamp method, particularly with the double sucrose gap, we do not feel that they negate many of the results reported with the more common single gap or double microelectrode method, in which voltage control has been tested and reported (10, 12, 21) . Since direct measurement of all facets of the voltage distribution has not been experimentally feasible, disagreement will remain on the degree of voltage nonuniformity, how it can be accurately monitored, and the extent to which it interferes with the interpretation of experimental results.
In general, one can classify the limits of uniformity of control into three areas. First, in the quasisteady state, which occurs during relatively slowly changing currents of less than a few microamperes per square centimeter, one must accept a nonuniform membrane voltage distribution across the preparation. Experimental observations of such voltage changes with either the single sucrose gap or the double microelectrode technique have indicated less than a 10% variation within the membrane potential range from +20 mv down to the resting potential. Thus, our ability to define quantitative results is limited to an accuracy of about 10 mv, and qualitative separation of ionic current events based on the membrane potentials at which they occur is only possible if the separation in potential is greater than the uncertainty. Second, during the period when large (greater than 15 ^amp/cm 2 ) current or fast voltage changes are occurring, membrane potential control is much poorer. One must then ask the question of the likely effect that such a period of noncontrol will have on the experimental observation being sought. In general, this problem has prevented the quantification of many of the characteristics of large rapid currents or of events that follow closely on a voltage step. However, these periods of noncontrol have been shown to be so short as to have a negligible effect on the activation or inactivation of other slower current processes that are of interest. Moreover, pharmacological or membrane potential blocking of the most rapid, largest current is possible and has frequently been used to prevent interference from this source.
Finally, during all phases of the experiments, the effects of leakage current in the sucrose gap method produce a significant quantitative uncertainty, since the measured current is always larger than the current which crosses cell membranes in the test region. Thus, results are seldom expressed in normalized units (^amp/cm 2 ), and in general each preparation must be used as its own control whenever changes are made in the ionic composition of the perfusate or when pharmacological interventions are being tested.
The final difficulty confronting the investigators using the voltage clamp technique is shared by both methods and relates to separation of the carriers of the various membrane currents. These currents are thought to be carried by ions moving in or out of the cell through the membrane, depending on the electrochemical driving forces acting on them. Although the methods measure only the net membrane current, one classically infers the magnitude and the time course of a particular ionic current in this complex situation by noting the changes in the net current when the ion is removed. This method of ionic current separation assumes that one ion does not influence or interfere with currents carried by other ions, an assumption that is probably not true. Estimation of the conductance of the membrane to an ion also depends on knowing the electrochemical driving force for the ion. This force is determined by the ratio of activities of the ion in the outside and the inside solutions. Unfortunately, our knowledge of the intracellular ion activities is insufficient, and direct measurement of these activities has only recently begun (26) .
In the face of so many assumptions and the question of how uniform is control of membrane Circulation Research, Vol. 37, October 1975 voltage (particularly during the early inward current), one may wonder if these methods of voltage clamping are worth the effort. When examined in detail, most techniques in biology have limitations. The present methods of voltage control, if they are applied with care and judgment, permit some conclusions with much greater reliability than others. In particular, the directionality, the ion dependence, and the approximate voltage dependency of the small currents can be determined under conditions for which voltage control is adequate.
WHAT HAVE WE LEARNED?
Surprising agreement can be found among the handful of cardiac electrophysiologists using the voltage clamp, despite the problems outlined earlier in this review, the different techniques, and the different tissues used. The state of our understanding of the ionic basis of the Purkinje fiber action potential a decade ago is illustrated in a synthesis by Noble (27) . He described the membrane events only in terms of inward sodium movement and outward potassium movement. It now seems clear that there are two different inward currents and three or four outward currents (Fig. 3) . Inward currents tend to depolarize the membrane during the action potential, and outward currents tend to repolarize it. The kinetic properties of these currents do not entirely resemble those described for squid nerve by Hodgkin and Huxley. One of the currents may be carried by calcium ions and may play an important role in excitation-contraction coupling. In addition to the role of the membrane currents in the normal action potential, a variety of physiological and pharmacological processes can be understood in terms of influences on these currents (28) .
In the sections that follow we have summarized those results which we feel are reliable despite the limitations of the method. In general, these results have been reported by more than one investigative group and frequently in more than one type of tissue. Where significant questions remain, we have attempted to summarize both sides of the question. We have listed only a few of the quantitative results from these studies, because the ability to produce precise quantification of the current channels has been constrained by the limitations of the methods to date.
Early Inward Current.-Inward currents can be separated into a kinetically fast transient carried by sodium and a kinetically slower transient carried by both calcium and sodium. The sodium transient current has been difficult to study quan- A diagram of currents seen during a step change in the membrane voltage of heart muscle plotted such that net outward current is positive. The beginning and the end of the voltage step are each associated with a capacity current (CAP) that often lasts 2-4 msec. Before the end of the initial capacity current, a large inward current transient is seen (1 st IN) if the voltage step is a depolarization to a level more positive thanabout -60 mv. This current is carried by sodium ions, and may be blocked by tetrodotoxin. It is inactivated within a few milliseconds and is followed by a more slowly developing second transient inward current (2 nd IN) . This current is seen with depolarization steps more positive than about -50 to -25 mv and is carried largely by calcium ions. It is inactivated over several hundred milliseconds, and an outward current is left (K). This outward current is carried largely by potassium, and it may rise slowly over several seconds. In cardiac Purkinje fibers, depolarizations more positive than -20 mv produce an early outward current transient (Cl) which follows the sodium current. This current is carried by chloride ions and obscures the second inward current in that voltage range. At the end of the voltage step, a declining current may be seen after the capacity current. This current is called the tail current and represents the currents flowing as a result of ionic conductances that were activated during the voltage step and take some time to turn off after repolarization. The tail current may be inward or outward and usually is carried by potassium or calcium ions. This illustration is intended to be diagrammatic and is not quantitatively accurate.
titatively because of the problems with adequate voltage control that have already been noted. Dudel and Riidel (29) reduced the temperature to slow this current in the Purkinje fiber, but very large shifts in the current-voltage relations occurred. In this and other studies, membrane sodium conductance behaved as a function of voltage and time in a manner so like the squid axon that there seems little doubt of the similarity of the sodium channel. Three differences in this current deserve notice. The current in heart muscle is much less sensitive to tetrodotoxin than that in nerve. The maximum value of the current referenced to the surface area of membrane is quite low, a characteristic which may be due to a lower 4 1 0 FOZZARD. BEELER density of sodium channels in the membrane; however, voltage control has never been sufficient to establish definitely this hypothesis. Finally, recovery from inactivation occurs much more slowly than does inactivation itself (30, 31) , a kinetic asymmetry not seen in squir 1 axon and probably indicating an additional step in the channel molecular mechanism.
Slower Inward Current.-One of the most interesting recent discoveries in cardiac electrophysiology is an inward calcium current. It was suggested by several investigators (32) (33) (34) prior to voltage clamp studies and has been described by most investigators in the field. This current develops slowly (over 20-40 msec) after depolarization above -40 mv and declines over several hundred milliseconds. It is sensitive to external calcium concentration, is blocked by manganese (35) , and appears to have a reversal potential more positive than the reversal potential for sodium (E Na ). The major challenge to the validity of this current as a separate channel is analogy with the "abominable notch" that is seen in squid axon with inadequate control (36) . The presumed basis for the notch is a delayed onset and an inadequate control of the sodium currents from fibers deep within the cell bundle. This criticism has been countered qualitatively by demonstration of the delayed inward current after removal of external sodium ions and in the presence of tetrodotoxin. In addition, the current can be blocked by manganese and other agents that have little effect on the early sodium current. For a more detailed discussion of this current, one may see recent reviews (28, 37) .
A number of serious questions about this second inward current can be raised. The observed reversal potential for this current is far less than an equilibrium potential calculated on the assumption that internal calcium must be below 1 x 10~6M in order for the muscle to relax (38, 39) . Moreover, the current measurements cannot be directly translated into membrane conductances by the equation:
even if calcium is the only current carrier, because the internal calcium concentration changes over a large range during the action potential-contraction cycle. An effort to estimate the change in internal calcium concentration by observing the change in reversal potential (E Ca ) resulted in the calculation of an intracellular calcium concentration of 10~4M (38) and raised the suggestion that the current flowed into a subcellular compartment that is only a few percent of the cell volume.
One possible basis for the difficulty in studying this current is that it is partly carried by sodium ions. The idea that a membrane channel is not perfectly selective for a single ion is well demonstrated in the squid axon (40) , and evidence exists that the calcium channel in heart muscle permits the movement of sodium ions (41, 42) . The extent to which each ion contributes to the magnitude of the current is unclear, and the ways in which they may interfere with each other have not yet been explored. Finally, the voltage dependence of the inactivation rate constants for the second inward channel is different from that for other channels in nerve and heart muscle; depolarization is reported to slow inactivation of the current rather than speed it (39, 43, 44) .
The relation of calcium current to contraction of heart muscle is an obvious major question. The threshold potential for the current corresponds closely to the threshold for contraction (39, 45) . The magnitude of cardiac contraction is strikingly influenced by the resting potential, the size and duration of the voltage step, and the time since a previous voltage step (6, 39, (44) (45) (46) (47) (48) (49) (50) . Calcium current, however, does not appear to correspond in a direct fashion to the size of the contraction under all of these conditions, although errors undoubtedly exist in both the current and the tension measurements.
The action of epinephrine on the cardiac action potential and contraction may become understandable in terms of an effect on the calcium current. Reuter (51) has shown that the current is increased by epinephrine in Purkinje fibers, and Vassort et al. (52) have described a similar effect in frog atrial muscle.
It is interesting to attempt to calculate how much calcium enters the heart cell with each action potential as a result of this current and to relate this value to contraction. The area beneath the current curve is a measure of charge, from which the amount of calcium can be computed. For purposes of this calculation, one must remember that troponin has a high affinity for calcium and acts as a buffer, so that as much as 60 HM calcium will be needed for maximum contraction. Each attempt to make this calculation has resulted in the conclusion that the transmembrane movement of calcium is insufficient for generation of the tension activated by that action potential by a factor of five to ten. So many assumptions are required for this estimate that the error of the calculation must be sizable. Nevertheless, the best interpretation possible with limited data is that the calcium current is important for the maintenance of an intracellular store of activator calcium and that the current may also play some role in calcium release from the store.
Outward Currents.-Several outward current channels can be observed in heart muscle and must play important roles in repolarization and pacemaker behavior. The pacemaker potential in Purkinje fibers has been shown to be caused by a slowly falling potassium conductance, which unmasks a substantial inward current (53) . This potassium conductance, called K 2 , has been studied extensively by Noble and Tsien (54) . Its voltage-and time-dependent properties are sensitive to epinephrine (55) and have a Q 10 of 6, which would be expected of a membrane current if it were to generate the temperature sensitivity of the pacemaker process. The extent to which inward current changes are important in pacemaker properties is not yet clear.
A second time-dependent outward current channel develops in the voltage region of the plateau of the Purkinje fiber action potential. This current has been called Xi and appears to be an important factor in repolarization (56) . The presence and role of this current in mammalian working myocardium has been harder to determine (12, 22) . In particular, extracellular potassium accumulation in the muscle during prolonged depolarization may invalidate direct measurements of this current (57) , and in any case there is probably a large species difference for this current. The X! current as seen in Purkinje fibers has a reversal potential more positive than the reversal potential for potassium (E K ), so ions other than potassium may be involved.
In addition to these time-dependent channels, there is probably an "instantaneously activated" outward current which is carried by potassium. This channel, designated K, by Noble and Tsien, shows inward-going rectification (less slope conductance at more positive potentials) and serves as the primary background outward current channel in both Purkinje fibers and working myocardium.
A transient rise in chloride permeability appears to occur in Purkinje fibers. This phenomenon was observed by Dudel et al. (58) and further characterized by Fozzard and Hiraoka (10) . Early confusion regarding the existence of this current was the result of its temporal overlap with the slower inward current that is associated with calcium ions. Its study required definition of the inward current and blockage of as much of the inward current as possible. The chloride current probably contributes to the rapid repolarization of the Purkinje fiber spike. Surprisingly, the reversal potential of the chloride current is not at the membrane Circulation Research, Vol. 37, October 1975 resting potential (10) , suggesting that chloride ions are not passively distributed. In addition, the maximal value of the chloride conductance is strikingly sensitive to temperature (59) .
Contraction.-Several investigators have used voltage-clamped preparations to investigate the contractile behavior of cardiac tissue (6, 39, (44) (45) (46) (47) (48) (49) (50) . Some of these results were mentioned in the section on the calcium current. As indicated earlier, contraction threshold corresponds roughly to that for the calcium current, but exact correlation of these events is not possible because of the uncertainty in membrane potential immediately following a voltage step. Most cardiac tissues exhibit both a phasic and a tonic contractile response to a sustained step in membrane potential. The amplitude of the phasic response in a series of identical voltage clamp steps is related to the calcium current which flows during those steps, but a relation is not established in a steady state until six to ten identical steps have been imposed. In general, an increase in either the amplitude or the duration of the voltage clamp steps in a train will produce a concomitant increase in the contractile response. Finally, between any two voltage steps, the membrane potential must be returned to a level more negative than the plateau for a few hundred milliseconds in order for the subsequent depolarization to produce a normal contraction.
Much insight into the ionic basis of the cardiac action potential, the pacemaker potential, and excitation-contraction coupling has been gained by voltage clamp studies in the last decade, and a new formulation like the pre-voltage clamp one of Noble (27) would be very different. At the same time, a large number of conceptual and technical questions have been raised by the behavior of the membrane currents in heart muscle.
THE FUTURE
Many of the questions raised by the experiments discussed in the preceding section can be answered only if the voltage clamp technique is improved. This improvement could come through either technical changes or an improved quantitative understanding of the errors. All preparations so far described have had large amounts of active membrane buried deep in the preparation, and these membranes may not be accessible to control. The search for cardiac cells that have little membrane duplication and are large enough to permit stable studies must be continued. One possibility for such an improved preparation is the use of tissue-cultured cells (60, 61) . Whether improved preparations are found or not, major effort must be placed in mathematical modeling of the circumstances of the voltage clamps now in use. Analytical methods can be developed to estimate the sources and the magnitudes of errors and may well suggest how to minimize or avoid them (19, 20, 22, 24, 62) .
If problems of voltage control can be solved or if we can estimate quantitatively the experimental errors, then the unusual behavior of the ionic currents in heart muscle can be explored. Some of these challenging problems include (1) how to handle mixed currents, (2) influence of membrane charge on channel kinetics (63), (3) basis of marked temperature effects on time constants and maximum conductances, (4) localization of channels to specialized membranes and compartments, and (5) role of calcium current in excitation-contraction coupling. Metabolic factors and hormones may produce their cellular effects in part through interaction with membrane ionic channels. Understanding the mechanism of action of drugs that influence excitability, conduction, and contraction could well lead to superior antiarrhythmic and inotropic agents.
The key experimental tool is in hand to explore these important questions of interest to general biology as well as medicine. Use of the voltage clamp has, however, not yet matured. The investigators using it must define more precisely their tool and its errors and devote more time to confirmation of the experiments of others. We hope this review will highlight these tasks as well as explain the challenge to our colleagues who do not use the voltage clamp but who can profit from the knowledge it helps us to gain. The promise of the voltage clamp as a valuable tool is great, and its maturity will be of benefit to many areas of science.
